Abstract Two age groups were determined for the Cenozoic granitoids in the Dinarides of southern Serbia by high-precision single grain U-Pb dating of thermally annealed and chemically abraded zircons: (1) Oligocene ages (Kopaonik, Drenje, Ž eljin) ranging from 31.7 to 30.6 Ma (2) Miocene ages (Golija and Polumir) at 20. 58-20.17 and 18.06-17.74 Ma, respectively. Apatite fission-track central ages, modelling combined with zircon central ages and additionally, local structural observations constrain the subsequent exhumation history of the magmatic rocks. They indicate rapid cooling from above 300°C to ca. 80°C between 16 and 10 Ma for both age groups, induced by extensional exhumation of the plutons located in the footwall of core complexes. Hence, Miocene magmatism and core-complex formation not only affected the Pannonian basin but also a part of the mountainous areas of the internal Dinarides. Based on an extensive set of existing age data combined with our own analyses, we propose a geodynamical model for the Balkan Peninsula: The Late Eocene to Oligocene magmatism, which affects the Adriaderived lower plate units of the internal Dinarides, was caused by delamination of the Adriatic mantle from the overlying crust, associated with post-collisional convergence that propagated outward into the external Dinarides. Miocene magmatism, on the other hand, is associated with core-complex formation along the southern margin of the Pannonian basin, probably associated with the W-directed subduction of the European lithosphere beneath the Carpathians and interfering with ongoing Dinaridic-Hellenic back-arc extension.
Introduction
Paleogene magmatic rocks within the Alpine-CarpathianPannonian-Dinaridic region occur in linear zones that surround the Adriatic plate (Periadriatic intrusions s.l.). At closer inspection, three such linear zones can be distinguished ( Fig. 1 and Kovács et al. 2007 ): (1) a belt that follows the Periadriatic line delimiting the Southern Alps from the rest of the Alps (Periadriatic intrusions s.str.; e.g. Rosenberg 2004) , (2) an alignment along the MidHungarian fault zone located within the Pannonian basin (e.g. Benedek 2002) , and (3) a belt that follows the innermost Dinarides and extends across Bulgaria and northern Greece all the way to NW Turkey (e.g. Pamić et al. 2002a; Burchfiel et al. 2008) . The distribution of the Neogene magmatic rocks within the Alpine-CarpathianPannonian-Dinaridic region, on the other hand, is by far more dispersed, many but by no means all of them being related to subduction in the Carpathians and the contemporaneous opening of the Pannonian basin (e.g. Seghedi et al. 2004 ). Only rarely is the Neogene magmatic activity spatially associated with Paleogene precursors, such as in the Pohorje region of Slovenia (Trajanova et al. 2008) . The Neogene granites of Mt. Bukulja and Mt. Cer in northern Serbia have been studied by Karamata et al. (1992) , Cvetković et al. (2007a) , and Koroneos et al. (2010) , and their petrogenesis has been attributed to the Pannonian extension. However, the Cenozoic granitoids in southern Serbia that are subject of this study remained very poorly studied in terms of their age and geodynamic significance. This paper presents the results of high-precision dating and Hf isotope analyses of the southern Serbian Kopaonik, Drenje, Ž eljin, Golija, and Polumir intrusions (Fig. 2) . These data are complemented by zircon and apatite fissiontrack data together and structural observations. Additionally, the potential magmatic sources and the geodynamic setting of the Cenozoic intrusions in Serbia will be discussed within the frame of the entire Balkan Peninsula and adjacent areas, based on a recent compilation of tectonic units ). In particular, we shall discuss the much debated question as to whether the id -H u n g a r ia n fa u lt z o n e P e ri a d ri a ti c li n e a m e n t Zagreb M id -H u n g a r ia n fa u lt z o n e P e ri a d ri a ti c li n e a m e n t (Tables 2 and 4 ), based on mapping by and on the Basic Geological Map of Yugoslavia (1:100'000), Sheets Novi Pazar (Urošević et al. 1970a) , Vrnjci (Urošević et al. 1970b) , Sjenica (Mojsilović et al. 1978) , and
Ivanjica (Brković et al. 1976 ) as well as Simić (1956) for the Studenica area. Numbers at the border of the map are MGI Balkan 7 Cartesian coordinates. 'Miocene' and 'pre-Miocene' zircon ages are unpublished data from Int J Earth Sci (Geol Rundsch) Paleogene Periadriatic intrusions of the Alps (Periadriatic intrusions s.str.) can be followed into the Mid-Hungarian fault zone and/or into the internal Dinarides and whether these intrusions represent the back-arc magmatism with respect to only one or two different subduction zones (Kovács et al. 2007 ), or alternatively, whether they are related to post-orogenic collapse of an overthickened crust in the internal Dinarides (Koroneos et al. 2010) , mantle delamination and/or to extension in the Pannonian basin (e.g. Cvetković et al. 2007a) . Sources for the magmatic activity in the Balkan Peninsula will be discussed by integrating the large amount of published age data on other granites and contemporaneous basaltic rocks (Cvetković et al. 2004a, b; Prelević et al. 2005) . Also the formation of sedimentary basins, many of them associated with volcanics and/or volcaniclastics (e.g. Burchfiel et al. 2008) , as well as information from seismic tomography (Piromallo and Morelli 2003) , will be discussed in that context.
Regional geology
The Dinarides represent a complex orogen consisting of thrust sheets that contain ophiolitic as well as Adriaderived continental material. These thrust sheets are located in a lower plate position with respect to an upper plate formed by the Tisza and Dacia Mega-Units with European affinities Ustaszewski et al. 2009 ). Ophiolites, derived from the Vardar branch of the Neotethys Ocean (Fig. 1 , 'Western Vardar Ophiolitic Unit'), were obducted already during the latest Jurassic onto the Adriatic margin and later involved in Late Cretaceous to early Paleogene out-of-sequence thrusting. This led to the formation of a series of composite nappes that consist of continent-derived material in their lower part and ophiolitic material in the upper part. The area around the Kopaonik massif in southern Serbia exposes the two innermost Dinaridic composite nappes, namely the Drina-Ivanjica and the Jadar-KopaonikStudenica composite thrust sheets (Figs. 1, 2; Schmid et al. 2008; ). In the latest Cretaceous to Early Paleogene, these innermost Dinaridic thrust sheets collided with the already existing (pre-Turonian) Carpatho-Balkan orogen that is part of the Dacia Mega-Unit and constitutes the upper plate of a complex collision zone . A separating suture zone (Sava Zone) runs along the eastern rim of the innermost Dinarides, that is along the nternal limit of the Jadar-Kopaonik-Studenica composite thrust sheet, and separates the Dinarides from the Carpatho-Balkan orogen (Fig. 1) .
The N-S-trending mountain range in the wider Kopaonik area exposes a part of the Jadar-Kopaonik-Studenica thrust sheet as well as an exhumed deeper part of the deeper Drina-Ivanjica thrust sheet, both exposed in tectonic windows below the obducted ophiolites (Figs. 1, 2 ). These windows are formed by the Kopaonik and the Studenica Metamorphic Series, which consist of metamorphosed Upper Paleozoic to Lower Jurassic sediments of the distal Adriatic margin . They are overlain by a (Middle?)-Upper Jurassic ophiolitic mélange located below the obducted Western Vardar Ophiolitic Unit (Fig. 2) . The two metamorphic series and the obducted ophiolites are unconformably overlain by post-Turonian sediments ( Fig. 2; 'Upper Cretaceous sediments') that contain large olistoliths, including ophiolites and metamorphic rocks. This weakly metamorphosed N-S-trending 'Senonian' flysch belt, trending N-S along the eastern margin of the Kopaonik composite thrust sheet, is interpreted to represent the southern prolongation of the Sava zone, i.e. the suture between the internal Dinarides and the Carpatho-Balkan orogen (Ustaszewski et al. 2009; Ustaszewski et al. in press) .
The Kopaonik Metamorphic Series east of the Ibar valley and the overlying Western Vardar Ophiolitic Unit were both intruded by the Kopaonik, Drenje and Ž eljin granitoids (Fig. 2) . Available structural data Schefer et al. 2008; Zelić et al. 2010) indicate that the intrusion of these plutons postdates three phases of compressive deformation associated with thrusting in the internal Dinarides and suturing with the adjacent Carpatho-Balkan orogen, but pre-dates a latest D4 extensional deformation event associated with movements along normal faults that, although not observed within the plutons, will be shown to have led to their final exhumation.
While extension postdates the intrusion of the Kopaonik, Drenje and Ž eljin intrusions it is at least partly contemporaneous with the emplacement of the younger Polumir granite. Extension is manifested by the following structures: (1) N-S stretching by ductile extensional deformation is mainly observed in the Studenica valley and around the Polumir intrusion in the Ibar valley (labelled 'Miocene ductile' in Fig. 2 ), (2) ductile collapse folds characterized by sub-horizontal axial planes are found in the vicinity of the Kopaonik intrusion , and (3) brittle E-W and N-S-trending normal faults (labelled 'Miocene brittle' in Fig. 2 ). Whereas ductile extension is exclusively associated with N-S stretching, brittle extension occurs along two contemporaneously active sets that lead to extension in both E-W and N-S direction. Furthermore, N-S-striking brittle faults are seen to cut ductile E-W-striking faults, indicating that E-W-directed extension is younger. PostOligocene deformation is thus divided into two phases, an earlier ductile phase (D4a) and a later brittle phase (D4b).
A pronounced N-S-oriented stretching lineation and frequently observed boudins are the dominant macroscopic expression of the ductile D4a phase. Near Polumir locality in the Ibar valley (Fig. 2) the two-mica granite shows asymmetrically boudinaged dykes in the host rocks and S-C-fabrics both indicating top-N shearing (Fig. 3a, d ). The dykes are progressively deformed under decreasing temperatures as indicated by kinematically consistent ductile to brittle faulting (Fig. 3c, d ).
N-S-oriented extension is substantial within the entire study area. In the Studenica area, this extension exhumes amphibolite-facies rocks in the form of a core complex (Fig. 4) . At the Brezovica locality (Fig. 2) , large-scale shear-bands found in meta-limestones of the Kopaonik Metamorphic Series exhume upper-most greenschist-facies The dykes intrude at a later stage of the foliation, but become foliated in the same way as the host-rock, as can be observed along the margin of the dyke. c Leucocratic layers in the mylonitized host rocks, offset by discrete normal faults, indicating that deformation continued into the brittle field with a similar orientation of the principle stress-axes. d C-S structures in the main body of the Polumir granite indicate top-to-the-north extensional deformation. Penetrative associations of foliation and ductile shear-bands usually develop during a retrogressive history from high to medium temperature. This scenario suits well with a syntectonic emplacement of the intrusion (Gapais 1989 Int J Earth Sci (Geol Rundsch) rocks and bring them in contact with Cretaceous sediments referred to as 'Paraflysch' (cover of the Eastern Vardar ophiolitic Unit), thereby omitting the Eastern Vardar ophiolites, the Upper Cretaceous sediments of the Sava zone as well as the entire Western Vardar Ophiolitic Unit (see area around Brezovica locality in Fig. 2 ). Brittle normal faults (D4b) are observed to affect all tectonic units throughout the entire study area at different scales. In many places, brittle normal faults are seen to crosscut ductile detachments formed during D4a. Smallscale normal faults, mainly expressed in serpentinized ophiolitic rocks, scatter in all directions. The major largescale brittle normal faults, however, are N-S striking. They border the core complexes of the Studenica valley and the mountain chain of Kopaonik and Ž eljin (Fig. 4) . In between the two domes of Kopaonik and Ž eljin mountains, E-Wstriking brittle normal faults formed during D4b are also found (Fig. 2) . The W-dipping D4b brittle normal fault at the western border of the Studenica dome is made up of several smaller faults that crosscut the former D4a detachment delimiting this core complex to the west. Ductilely deformed amphibolite-facies rocks are found in the footwall of this brittle normal fault whereas lower greenschist-facies rocks of the Studenica thrust sheet and formerly obducted ophiolitic rocks from the Western Vardar Ophiolitic Unit are exposed in its hanging wall (Figs. 2, 4) . The offset in metamorphic grade across this brittle fault is thus substantial, but most of this offset probably has to be attributed the D4a ductile precursor that was associated with N-Sdirected extension and core-complex formation during D4a (faults marked 'Miocene ductile' in Fig. 2 ).
An E-dipping brittle normal fault is found at a locality referred to as 'Pošta locality' in Fig. 2 . This brittle fault zone shows a sharp contact to the hanging wall composed of fault gauges that include cataclastic fragments of ophiolitic rocks at its top, overprinting an older and more gently dipping foliation that might be associated with earlier N-S-oriented extension produced during D4a. Towards the base of the fault zone, the style of deformation changes from brittle to ductile, and an LS-tectonite exhibits top-E-oriented shear-bands.
The main Kopaonik pluton produced a contact metamorphic aureole consisting of hornfels and skarns that formed at 1-2 kbar and ca. 550°C according to Knežević et al. (1995) . The Studenica Metamorphic Series that crop out in a window west of the Ibar valley are intruded by the Polumir granite (Fig. 2) . The Polumir granite shows hightemperature ductile deformation along its intrusive margin. The Golija granodiorite, located further west of the main thrust that separates the Jadar-Kopaonik-Studenica and Drina-Ivanjica composite thrust sheets, intruded Upper Paleozoic slates, siltstones, and sandstones of the DrinaIvanjica composite thrust sheet (Fig. 2) .
Suites of Oligocene to Miocene volcanic and volcaniclastic rocks are associated with these intrusions, representing their effusive equivalents. Most of the Oligocene volcanics intrude and/or overlie the ophiolites. They are confined to the Ibar Valley (Fig. 2 ) and are predominantly represented by extrusive to autoclastic dacitic/andesitic rocks. By contrast, the Miocene volcanics are quartzlatitic in composition and are represented by effusive and pyroclastic rocks. The latter were related to Plinian to subPlinian events and ignimbrite formation. The Miocene volcanic rocks occur in the surroundings of the Golija pluton as well as southeastward from the Kopaonik intrusives (Fig. 2) . These rocks are poorly studied in contrast to their counterparts in the north (Cvetković and Pécskay 1999; Cvetković 2002) .
Whereas the petrography of these intrusions and related volcanics is rather well known (e.g. Knežević et al. 1995; Vukov 1995) , the geochronology is not yet well documented and high-precision U-Pb analyses are altogether missing. In a number of reviews (e.g. Karamata et al. 1992; Knežević et al. 1995; Prelević et al. 2001) , the intrusive rocks of southern Serbia were separated into two different groups based on mineral and whole rock K-Ar ages: An Oligocene group including Kopaonik and its satellite Kremići and a Miocene group comprising the Ž eljin, Golija, Drenje, and Polumir intrusions (Fig. 2) . While according to the existing literature, the Oligocene group is regarded to represent I-type granites (Karamata et al. 1992; Knežević et al. 1995) , the presumed Miocene group supposedly consists of both I-type (Ž eljin, Golija and Drenje; Karamata et al. 1992 ) and S-type granitoids (Polumir; Vukov 1995; Vukov and Milovanović 2002) . However, similarities in style of intrusion, as well as the close neighbourhood of the Kopaonik, Drenje, and Ž eljin intrusions, suggest that they might be closely related and cogenetic. Cvetković et al. (2002) , based on geochemical data, even proposed a co-magmatic evolution of the Kopaonik and Drenje intrusives, although this suggestion was in conflict with differences in their K-Ar radiometric ages as reported by Delaloye et al. (1989) . Hence, at least part of the K-Ar age data seems suspicious and thus need closer inspection.
Petrography and chemical composition of the granitoids

Kopaonik and Drenje intrusive(s)
The Kopaonik intrusive displays a zonal distribution of granitoid varieties that show gradual transitions between each other (Zelić 2004; Cvetković et al. 2002) . The southern part is represented by porphyritic granodiorite to quartzmonzonite characterized by the presence of large cm-sized potash feldspars. Towards the north, the intrusive rocks are more equigranular in texture and granodioritic to quartzdioritic in composition. The Drenje intrusion crops out as a separate, E-W elongated body, which is essentially similar to the equigranular granodiorite of the northern part of the Kopaonik pluton. In general, these granitoids are composed of quartz, plagioclase (An 35-55 ), potash feldspar (Or [86 ), biotite, and magnesiohornblende, with titanite, epidote, allanite, apatite, zircon, and magnetite as accessory minerals. Decimetre-sized mafic enclaves are observed in all the varieties albeit with some differences. In the southern area, they are larger and highly irregular in shape and sometimes contain felsic minerals apparently derived from the host granodiorite. These enclaves are typically biotite-rich and display a high-K composition. In the northern area, they are smaller, usually rounded and rich in amphiboles.
Most Kopaonik and Drenje rocks have silica contents ranging from 57 to 67 wt% SiO 2 . They are medium-K calc-alkaline, metaluminous (Al 2 O 3 -[K 2 O ? Na 2 O] \ 1), I-type granitoid rocks (Fig. 5) , with LILE-and LREEenriched trace element patterns. Because of slightly elevated K 2 O concentrations (C2.5-3 wt%), the Kopaonik quartzmonzonites occurring in the south exhibit a high-K calc-alkaline character and are richer in incompatible elements compared to the Kopaonik and Drenje granodiorites.
Ž eljin intrusive
The Ž eljin intrusive ranges in composition from predominant quartzdiorite, tonalite, and granodiorite to subordinate granite (Vukov 1989) . These rocks show mineral compositions that are very similar to those of Kopaonik and Drenje, and they also show mutual compositional transitions characterized by increasing quartz and potash feldspar modal contents ranging from quartzdiorite to granite. Mafic enclaves are rare and more variable in composition compared to those from the Drenje intrusive.
The Ž eljin quartzdiorite-granite suite is represented by typical medium-K calc-alkaline (SiO 2 mostly above 65 wt%, K 2 O B 2 wt%), metaluminous, I-type rocks (Fig. 5; Vukov 1995) . They have almost identical geochemical characteristics to those of the Kopaonik and Drenje intrusives.
Golija intrusive
These granitoid rocks are represented by relatively small irregularly shaped bodies or small dyke-like shallow intrusions cutting Paleozoic rocks of the Drina-Ivanjica thrust sheet. The granitoid body formed a contact metamorphic aureole, to which small skarn-related deposits with iron, Pb-Zn, and wolfram mineralization are related (Mojsilović et al. 1980) . The rocks are granodiorites to quartzmonzonites and have inequigranular hypidiomorphic textures. They contain quartz, potash feldspar, plagioclase (andesine), biotite, and amphibole, with tourmaline, allanite, sphene, apatite, and zircon as accessory minerals.
According to scarce literature data, these rocks are high-K calc-alkaline (SiO 2 [ 65 wt%, K 2 O C 3 wt%), metaluminous (Al 2 O 3 -[K 2 O ? Na 2 O] \ 1) and possess I-type characteristics (Fig. 5) . Therefore, they are geochemically similar but slightly more potassium rich in comparison to the Kopaonik, Drenje, and Ž eljin granitoids (Mojsilović et al. 1980) .
Polumir granite
This is a typical leucocratic two-mica granite composed of quartz, potash feldspar (Or 82-93 ), acid plagioclase (An \30 ), biotite (Al 2 O 3 [ 18 wt%), and muscovite. Apatite, magnetite, monazite, allanite, and zircon are the main accessory minerals. Plastic deformation along the intrusive margins, absent in case of all the other intrusions, resulted in a foliation formed by biotite and white mica.
In comparison with the other granitoid rocks, the Polumir granite is a more silica rich (SiO 2 mostly above 70 (Fig. 3) . In addition, this granite has an overall lower content of incompatible elements, except for rubidium (Rb * 200 ppm; Vukov and Milovanović 2002) .
U-Pb (ID-TIMS) dating and Hf isotope data
Analytical techniques
The analytical techniques of U-Pb dating closely follow those outlined in Schaltegger et al. (2008) . Prior to analysis, Shand (1947) , reference value for distinguishing I-and S-types after Chappell and White (1974) the zircons were treated by annealing-leaching (chemical abrasion). This minimizes the effects of post-crystallization lead loss (Mattinson 2005 (Ludwig 2005) . The techniques of the Hf isotope analysis are those described in Schaltegger and Brack (2007) . Mean ages and mean Hf isotopic values are given with uncertainties at the 95% confidence level.
Sample material and presentation of the results U-Pb age determinations were carried out on a total of six samples taken from five different intrusive bodies. Lithology, sample number, and location are provided in Table 1 and Fig. 2 . For each sample, six to seven zircons were carefully selected and treated according to the criteria outlined in Schaltegger et al. (2008) . This resulted in a total of 37 single grain analyses ( Table 2 ). The results of the U-Pb age determinations based on these analyses are shown in concordia diagrams in Fig. 6 . Because of the often very small analytical uncertainties obtained for individual 206 Pb/ 238 U zircon dates (0.1-0.3 Ma), the results do generally not overlap within their 2r errors and are represented as range of data rather than weighted mean 206 Pb/ 238 U values (Fig. 2 ). Hf isotope analyses were carried out on 15 zircons (Table 3 ) separated from four samples taken at four localities (Table 1) in order to obtain petrogenetic information concerning the magma sources of the studied plutons.
Kopaonik intrusive (sample 11, Fig. 6a) This sample is an isotropic inequigranular quartzmonzonite taken from the south-eastern margin of the main Kopaonik intrusive body (Fig. 2) . Six zircon analyses reveal 206 Pb/ 238 U dates between 30.94 and 30.70 Ma (Fig. 6a ). The individual 2r errors are ± 0.01 Ma due to high Pb*/ Pb c (radiogenic/nonradiogenic lead) ratios (38-73) with uranium concentrations between 900 and 2,300 ppm. Except for analyses 11-1 and 11-6, none of the data overlap. Because there is no indication for inheritance of old lead, we interpret the single zircon data to reflect zircon growth over some 240 ka, i.e. from 30.94 to 30.70 Ma, or as mixing from two growths episodes approximated by a maximum age of 30.70 and a minimum age of 30.94 Ma, respectively. The eHf values measured for zircons 11-1, 11-3, 11-4, and 11-6 are relatively uniform and fall between 1.1 and 1.6 (Table 3) .
Drenje intrusive (sample 16, Fig. 6b )
The sample is a medium-grained, equigranular granodiorite exhibiting a synmagmatic foliation defined by hornblende (Fig. 2 ). Compared to sample 11, the individual 2r errors of the 206 Pb/ 238 U dates are slightly higher (±0.01-0.03 Ma) because of low Pb*/Pb c ratios. Based on the zircon ages for 16-1, 16-3, and 16-5, we were able to calculate a mean 206 Pb/ 238 U date of 31.64 ± 0.02 Ma (MSWD = 0.59). From the concordia plot one may infer two stages of zircon growth, one from 31.7 to 31.6 Ma and a second one at around 31.2 Ma (Fig. 6b ). Zircon 16-2 could indicate that the last growth occurred at 31.16 Ma. However, we prefer to interpret the entire time span given by the single grain analyses as indicating the duration of zircon growth between 31.66 and 31.16 Ma, or, alternatively, mixing of zircon from two growth episodes. The 500 ka time span seems too long for the interpretation as protracted growth, a mixing hypothesis may therefore explain the data scatter better. The eHf values measured for zircons 16-1, 16-2, 16-3, and 16-4 (Table 3) show consistent values between 3.6 and 3.8, not indicating any old inherited zircon material.
Zˇeljin intrusive (sample 21, Fig. 6c)
The sample is a medium-grained, equigranular granodiorite. All six measured zircons yield concordant ages. Zircons 21-2 and 21-3 show large analytical uncertainties as well as potentially inaccurate 206 Pb/ 238 U dates due to low Pb*/Pb c ratios (0.5-1.5). We therefore do not include them for the interpretation of the age of the intrusion. The oldest three zircons (21-1, 21-4, and 21-5) overlap within their 2r errors and give a mean 206 Pb/ 238 U date of 31.46 ± 0.03 Ma (MSWD = 0.26). Again, we prefer to interpret these data as indicating zircon growth over a time span of about 200 ka, i.e. from 31.62 (grain 4) to 31.42 Ma (grain 6), or mixing from two growth periods. The eHf values obtained for zircons 21-1, 21-2, and 21-4 fall between 3.7 and 4.3. Zircon 21-3, however, reveals a eHf value of 1.9, suggesting that traces of an older, crust-derived Hf component may be present. Samples marked with an asterisk have also been analysed for Hf isotopic compositions (see Table 3 ). Coordinates are given in the MGI Balkan 7 Cartesian system. For location of the samples, see this time span of 400 ka seems rather long for being interpreted as a time interval of zircon growth, therefore mixing of zircon material from two episodes of growth seems to be more likely. The eHf values are significantly lower in comparison with the samples of the substantially older Kopaonik suite (Kopaonik, Drenje, and Ž eljin intrusion) and range between -0.7 and -2.7.
Polumir granite (sample 513, Fig. 6f) This two-mica granite is different from the other intrusions by the fact that it is the only one showing a high-temperature C-S structures associated with a stretching lineation Int J Earth Sci (Geol Rundsch) (Fig. 3) . This solid-state fabric together with asymmetric boudinaged dykes observed in the host rocks (Fig. 3a) indicates top-to-the-north shearing along an extensional detachment that exhumed the Studenica Metamorphic Series and which was either active during the last stages of the intrusion and/or before the onset of substantial cooling of the Polumir granite (Fig. 3c) . Two analyses, 513-3 and 513-6 (note that 513-6 is out of scale and not shown in Fig. 6f U dates. Since zircon may already start to grow during magma assembly at deeper crustal levels and continue during ascent and emplacement into the middle to upper crust (Miller et al. 2007) , it is reasonable to assume that the youngest zircon date approximates the age of emplacement ). However, we cannot completely rule out the effect of lead loss, despite the pre-treatment by chemical abrasion.
Comparison of the ages amongst the six different intrusions (Fig. 6 ) clearly reveals two age groups: (1) The group of Oligocene plutons intruded within a narrow time span between 31.77 and 30.70 Ma. The Kopaonik pluton is the youngest (sample 11, , and the remaining three (Drenje and the two analyses from Ž eljin) cluster around 31.5 Ma. (2) The group of Miocene intrusions consists of the Golija granodiorite and the Polumir granite, which intruded at 20. 58-20.17 and 18.06-17.74 Ma, respectively. While the existence of two age groups has been postulated by previous studies (Karamata et al. 1992; Knežević et al. 1995) , our study shows that the I-type Ž eljin and Drenje intrusions are of the same Oligocene age as, and possibly cogenetic with the I-type Kopaonik intrusion, as suggested by Cvetković et al. (2002) on petrogenetic grounds. This contradicts the supposed Miocene age of the Ž eljin and Drenje intrusions inferred by the previous studies based on K-Ar dating (Karamata et al. 1992) .
Two out of the three Oligocene intrusions, samples 16 and 21 from Drenje and Ž eljin, respectively, record uniform eHf values ranging from 3.6 to 4.3, whereas sample 11 of the Kopaonik quartzmonzonite shows distinctively lower values ranging from 1.1 to 1.6. The eHf values obtained for the Miocene Golija granitoid, on the other hand, are significantly lower in comparison with those Hf ratios are given as external 2r reproducibility of standard measurements (i.e. ± 0.5). eHf values and T(DM) model ages were calculated with ( obtained for the Oligocene intrusions, displaying eHf values ranging from -0.7 to -2.7.
The positive eHf values of all the three samples taken from Oligocene intrusives, along with their metaluminous I-type geochemistry, suggest a moderate crustal influence in the origin and evolution of these granitoids, especially given the fact that these granitoids intrude an old (Paleozoic) crust. In this context, the primary melts of the Oligocene intrusives could have formed via partial melting of mantle-derived lower crustal protoliths. Regarding the significantly lower eHf values shown by the Miocene Golija granitoid, there are in principle at least two possible explanations: (1) This granitoid might have originated via melting of upper crustal material, but this possibility is unlikely given its distinctive I-type character. (2) The origin of the Golija intrusive could have involved an evolution that started with primary melts similar to those postulated for the Oligocene plutons. Such primary melts could have been modified either by assimilation of upper crustal material or, alternatively, by mixing with high-K calcalkaline to ultrapotassic basic magmas. Although these two hypotheses cannot be unequivocally tested without more data including geochemical modelling, the second possibility, namely that the lower eHf values of the Golija granitoid (and possibly for the Kopaonik quartzmonzonite as well) did result from mixing between an acid and a high-K basic magma is supported by the following arguments: (1) the Golija granitoid is a metaluminous, I-type, high-K calc-alkaline rock, (2) it contains mafic enclaves which are believed to represent petrographic evidence of magma mixing processes (Didier and Barbarin 1991; Poli et al. 1996) , (3) generally, the Serbian ultrapotassic rocks have very unradiogenic Hf isotopes (eHf ( 0; Prelević et al. 2010) , similar to *500-Ma-old continental crust (Rudnick and Gao 2003) , and (4) the role of magma mixing during Tertiary magmatism in Serbia has already been advocated by Prelević et al. (2001 Prelević et al. ( , 2004 and Cvetković et al. (2007b) .
Accordingly, the only intrusive that is certainly related to significant melting of upper crustal material is the Polumir S-type granite for which, unfortunately, there are no data on Hf isotopes.
Zircon and apatite fission-track data
Sampled material and presentation of data The sampling strategy aimed at obtaining an evenly distributed dataset involving most of the intrusive bodies, including some volcanic rocks, taken at different altitudes. Fourteen samples from the different intrusive bodies together with two samples from the volcanic bodies within the Ibar valley yielded fourteen apatite and fifteen zircon ages, twelve of them from both zircon and apatite. The analytical results are given in Table 4 , the location of the samples in Fig. 2 . The locations of additional yet unpublished data from (meta-) sedimentary rocks, taken from , are shown in Fig. 2 and labelled 'Miocene' and 'pre-Miocene' zircon ages, respectively, in order to support the mapping of the outlines of the Miocene core complexes.
Analytical techniques
After conventional mineral separation (crushing, sieving, magnetic, and heavy liquid separation) samples were mounted in epoxy resin (apatite) and PFA Teflon (zircon). Revelation of fossil tracks was achieved by etching the polished zircon mounts in a NaOH-KOH eutectic melt at 210°C. Apatite mounts were etched in 5N HNO 3 at 20°C for 20 s. Induced tracks in external detector muscovite were etched in 40% HF for 45 min at 20°C. Irradiation of samples was carried out at FRMII Garching (Technische Universität München, Germany). Neutron flux was monitored using CN5 (apatite) and CN1 (zircon) dosimeter glasses. Densities of spontaneous and induced tracks as well as lengths measurements for apatite (confined horizontal tracks and long axes of etch pits) were counted on a Zeiss Axioplan microscope equipped with an Autoscan Ò System at the University of Innsbruck. All samples have been analysed using the external detector method as described by Gleadow (1981) . The fission-track central ages (±2r error) (Galbraith and Laslett 1993) were calculated following the IUGS recommended approach of Hurford and Green (1983) with a zeta factor of 159 ± 3.6 (zircon, CN 1 glass) and 357 ± 5.2 (apatite, CN 5 glass) (analyst: B. Fügenschuh). Data processing was carried out using the TRACKKEY program (Dunkl 2002) .
Results
All zircon central ages from the footwall of the D4b ductile normal faults range between 16.7 and 11.8 Ma (Table 4) . However, three samples that stem from the hanging wall of the D4b ductile normal faults (447, 460 and 461) yielded ages between 28 and 25 Ma. Sample 447 comes from a very small satellite body of the Kopaonik intrusion intruding the ophiolites near Jošanička Banja but separated from the main intrusive bodies shown in Fig. 2 by a D4b ductile normal fault. Samples 460 and 461 are daciticandesitic rocks in the Ibar valley that are part of the volcanics formed at shallow depth and never buried to greater depth (Fig. 2) .
The apatite central ages obtained from the Kopaonik, Drenje, Ž eljin, and Polumir intrusions in the footwall of the Thermal modelling of the apatite fission-track data Thermal modelling of apatite fission-track data obtained on intrusive rocks was carried out for the Oligocene Kopaonik, Drenje, and Ž eljin intrusions (Fig. 7a, b and c) , for the Miocene Polumir granite (Fig. 7d and e) , for a (presumed) Miocene dyke in Č emerno mountain (Fig. 7f) , and for a (presumed) Oligocene sample taken from a small intrusion in Jošanica valley located near the Kopaonik main intrusion (Figs. 2, 7g ). All modelled samples yielded a significant number of measured confined horizontal tracks. The grey envelopes show 'acceptable', the dark ones 'good' fits between modelled and measured data (Ketcham et al. 2007 ). The models are mathematically well defined since the goodness of fit (GOF) is always between 0.9 and 1 (c.f. ''Appendix A''). All but the sample 447 from Jošanica valley (Fig. 7g ) that was taken from the hanging wall of a D4b ductile normal fault show a similar cooling history, independent from the age of intrusion. Rapid cooling occurs from above the partial annealing zone for zircon, i.e. from around 300°C, to some 80°C between 16 and 10 Ma, followed by rather slow cooling to surface temperatures for the last 10 Ma. Sample 447 (Fig. 7g) , however, shows a different cooling history. Rapid cooling starts between 30 and 21 Ma, i.e. shortly after the (presumed) age of intrusion at around 31 Ma, and hence, significantly earlier compared to the other samples shown in Fig. 7 . This implies that sample 447 must have intruded at a very shallow level close to the surface, in order to cool rapidly through both the ZPAZ and the APAZ immediately after intrusion. After 22 Ma, this sample cooled slowly from ca. 70°C to surface temperatures, as indicated by the modelling. Note that the enhanced cooling rate between 16 and 10 Ma, monitored for the other samples by the modelling, is totally absent in sample 447. This will further be discussed below.
Interpretation and discussion of the fission-track ages and thermal modelling
The most obvious characteristics of the fission-track data obtained from the Oligocene Kopaonik, Drenje, and Ž eljin and the Miocene Polumir intrusions are that paired zircon and apatite ages display a small age difference within a given sample. This together with the fact that these samples all pass the Chi-square test strongly indicates that these ages are cooling ages. The samples indicate fast cooling from temperatures above the zircon partial annealing zone (ZPAZ) to temperatures below the apatite PAZ during the time span between 16 and 10 Ma. This is confirmed by the modelling results (Fig. 7, ' 'Appendix A''), as well as by the unimodal distribution and mean track lengths of[14 lm of the confined horizontal tracks in apatite (Table 4 ). The exact age of the time interval of enhanced cooling, as indicated by the apatite zircon pairs, however, slightly differs. The time interval of enhanced cooling reveals a regional trend indicating that the timing of extensional unroofing becomes slightly younger when going from S to N. Note that this interval of fast cooling observed in all the Oligocene intrusions, as indicated by fission-track age pairs and thermal modelling alike, significantly postdates the age of the intrusions at around 31 Ma that is documented by the U-Pb zircon data (Table 2) . With respect to an assumed intrusion depth of 6-8 km, the retardation of cooling through the zircon annealing window after the intrusion implies a slightly elevated ambient geothermal gradient, probably related to the emplacement, cooling, and radioactive heat supply of the intrusion.
The Early Miocene Polumir intrusion yielded zircon fission-track ages of 16.5-14.1 Ma and apatite fission-track ages of 12.4-10.6 Ma ( Table 4) . As mentioned earlier, structural evidence (Fig. 3) suggests that the 18.06-to 17.74-Ma-old Polumir intrusion started to be deformed by extensional unroofing during the last stages of its emplacement or shortly thereafter. Since this unroofing is seen to have continued all the way into the brittle field the apatite fission-track age of 12 Ma confines most of this extensional unroofing to have occurred during the 17-10 Ma time span. Hence, the timing of this Early to Fig. 7 Modelled thermal history and comparison between observed and predicted apatite fission-track parameters for selected samples from the main body of three different Oligocene intrusions (a, b, and c), from the Miocene-age Polumir intrusion (d, e), from a granitic dyke from Č emerno mountain (f), and from a small Oligocene magmatic body in the Jošanica valley (g). Horizontal black lines within individual models at 60-120°C bracket the partial annealing zone (PAZ) for apatite within the temperature limits assigned by Laslett et al. (1987) . The segments of the thermal histories at temperatures lower than 60°C only indicate a possible continuation of the thermal history because the annealing model is not sufficiently sensitive below 60°C. The modelled t-T-paths are extended into the zircon partial annealing zone (Brandon et al. 1998) where the white squares represent the measured zircon fission-track central ages of the modelled samples including their 2r errors. Modelling of apatite ages and track-length distribution data were performed with the program HeFTy (Ketcham et al. 2003) . Fission-track age, track-length distribution, and etch pit diameters (Dpar) as well as user-defined time-temperature boxes are used as input parameters. An inverse Monte Carlo algorithm with a multikinetic annealing model (Ketcham et al. 2007 ) was used to generate the time-temperature paths 
APAZ
Middle Miocene period of rapid cooling, immediately following tectonically controlled exhumation in an extensional scenario near the Polumir granitoid, is comparable with the exhumation-related cooling history of the Kopaonik and Ž eljin samples.
For the Golija intrusion, a similar and rather fast postemplacement cooling can be inferred from the combined U-Pb (20.58-20.17 Ma) and fission-track zircon ages (16.4 ± 1.2 Ma). Due to the lack of apatite fission-track data, the post-16 Ma evolution is not constrained.
Exhumation history of the granitoid intrusions of the inner dinarides A cooling path was constructed for three particular intrusive bodies for which the results of fission-track modelling could be combined with the results of U-Pb dating (Fig. 8) obtained from the same samples.
The t-T-path for the Oligocene Kopaonik intrusion (sample 11 in Fig. 8 ) is most likely characterized by a first period of rapid cooling due to heat conduction to the neighbouring rocks. Judging from the grade of regional metamorphism in the surrounding rocks (lowermost greenschist-facies conditions), depth of intrusion must have been within the upper crust. The ambient temperature of the country rocks is estimated to have been slightly above 300°C, i.e. above the upper limit of the PAZ for zircon, corresponding to at least some 10 km depth, and hence somewhat deeper than suggested by the pressures of 0.5-1.5 kbar inferred from the related contact metamorphic aureole (Knežević et al. 1995) . Because the onset of the second period of rapid cooling through the zircon and apatite partial annealing zones indicated by the modelling considerably postdates intrusion and its related first period of cooling by heat conduction, the Kopaonik intrusion must have remained at the ambient temperatures of the country rocks slightly above 300°C for more than 10 Ma. However, until the onset of the second period of fast cooling between 16 and 10 Ma, these initial parts of the time-temperature history are rather loosely constrained by our data. The second period of rapid cooling is well constrained, however. In combination with the structural (Figs. 3, 4 ) and metamorphic data , this second period of rapid cooling can safely be interpreted as related to extensional unroofing in the footwall of normal faults that cut across the intrusion and surrounding metamorphic rocks (Figs. 2, 4) . Final cooling to near-surface temperatures occurred again at lower rates of around 10°C/Ma from 10 Ma onwards.
The t-T-path of the Miocene Polumir granitoid revealed by fission-track data and modelling below 300°C (sample 513 in Fig. 8 ) is nearly identical with that of the Kopaonik intrusion. When combining the fission-track ages with the intrusion age obtained by the zircon U-Pb dating (Fig. 8) , however, it becomes evident that this Miocene-age intrusion underwent one single period of rapid cooling. This confirms the view that Miocene-age exhumation by normal faulting overlapped with and immediately followed the Polumir intrusion, as is independently evidenced by the field data (see Fig. 3 ; Schefer et al. 2008; . Fission-track central ages for zircon range from 16.7 to 11.8 Ma, those for apatite from 15.3 to 10.5 Ma for all specimens analysed (Fig. 7) , but for one specimen discussed below (sample 447). This indicates that fast cooling related to Miocene-age extensional unroofing affected all the intrusions analysed but that from which sample 447 was taken.
Sample 447 that exhibits a different cooling history was taken from a small magmatic body in the Jošanica valley that intrudes the Western Vardar ophiolites (Fig. 2) , and hence, a shallower structural level. At first sight, given its close vicinity to the main Kopaonik intrusive body and the same macroscopic appearance, it seems that this outcrop Fig. 8 Thermal histories of three of the analysed granitoids of southern Serbia, as inferred from the radiometric U-Pb dating and the fission-track modelling presented in Fig. 7 ; the complete set of fission-track central ages obtained in the area is shown for comparison (c.f. Fig. 2 ; Table 4 ). The time-temperature paths (solid lines) correspond to the best-fit paths inferred from fission-track modelling (see Fig. 7 ) for samples 11 (Kopaonik), 513 (Polumir), and 447 (Jošanica valley); the thick grey lines represent an estimate of the complete t-T-evolution that also take into account the age and estimated temperature of crystallization of the zircons. The U-Pb closure temperature corresponding to the zircon crystallization in sample 11 (Kopaonik quartz-monzonite) was assumed to be around 820°C (Lee et al. 1997) . The S-type granite sample 513 (Polumir) must have intruded at lower temperatures due to its different melting temperature. ZPAZ and APAZ are the partial annealing zones of zircon and apatite, respectively might be a coherent part of the Kopaonik intrusion. Structurally, however, this small body is located in the hanging wall of the D4a ductile normal fault mapped in Fig. 2 . This is supported by the fact that the zircon fissiontrack central age for this outcrop is 28 Ma, indicating cooling through the zircon PAZ shortly after the very probable Oligocene age of this intrusion. The fact that the sample fails the Chi-square test could indicate that the t-T-path of this sample is more likely due to cooling of the intrusion rather than recording tectonically induced rapid cooling during extensional unroofing. Hence, we propose that sample 447 stems from a much shallower part of the wider Kopaonik intrusive suite, which had already cooled to temperatures below the APAZ prior to Miocene extensional unroofing. This is independently supported by the fact that sample 447 is in close vicinity to the Oligoceneage extrusives (samples 460 and 461, Table 4 ) and volcaniclastics (32-29 Ma; Karamata et al. 1994 ) that crop out in the Ibar valley (Fig. 2) .
Taken together the three cooling curves shown in Fig. 8 indicate that, after cooling of the Oligocene intrusions by heat conduction and before exhumation by Mid-Miocene extensional unroofing, the ambient temperatures differed by some 300°C. This indicates that Mid-Miocene extension was very substantial in the area investigated; it led to tectonic omission in the order of 10 km across the associated Miocene-age D4 normal faults.
Discussion of data within the regional geodynamic context
Late Eocene to earliest Miocene (37-22 Ma) magmatic activity in the Balkan Peninsula
The group of Oligocene intrusions within the investigated area (Kopaonik, Drenje Ž eljin) is part of a NW-SE striking alignment of granitoids that follows the inner Dinarides (Sava-Vardar Belt or Zone of Pamić et al. 2002a and Kovács et al. 2007 , respectively) from northern Bosnia (Motajica intrusion, Ustaszewski et al. in press) all the way to southern Serbia (Fig. 9) . Further to the SE, however, this same belt crosses the Sava suture and strikes into the Dacia Mega-Unit, the Rhodopes and the Strandja Unit, which together form the upper plate with respect to the Dinarides . Geographically, this belt runs across southern Bulgaria and northern Greece all the way into westernmost Turkey (Fig. 9 and references given in Table 5 ). The granitoids intruded between Late Eocene (37 Ma) and earliest Miocene (22 Ma) times. One has to be aware, however, that the age dates reported in Table 5 were obtained by different techniques and at different levels of accuracy.
As shown in Fig. 9 , age and location of the granitoids coincide with that of a series of basaltic rocks (high-K calcalkaline basalts, shoshonites and high-potassium volcanics; Cvetković et al. 2004a; Marchev et al. 2004; Prelević et al. 2005 ; 'basalts' in Fig. 9 ), volcanics and volcaniclastic basins, and additionally, non-volcanic sedimentary basins (e.g. Burchfiel et al. 2000 Burchfiel et al. , 2008 Dumurdzanov et al. 2005) . Some of the basins are clearly associated with normal faulting and they date the onset of Aegean extension during Middle to Late Eocene times (e.g. Burchfiel et al. 2000 Burchfiel et al. , 2003 Kounov et al. 2004; Brun and Soukoutis 2007) . The petrogenetic analyses of contemporaneous ultra-potassic volcanics (Prelević et al. 2005) in Serbia and in southern Bulgaria (Marchev et al. 2004) indicate that these volcanics were derived by melting a metasomatized mantle possessing a crustal signature. As already discussed above, it is reasonable to assume that this same mantle source may also have contributed to the genesis of the I-type granitoid intrusions such as the Kopaonik quartzmonzonite. This ultrapotassic magmatism is generally contemporaneous with the formation of acidic volcanic and plutonic rocks. Its contribution, however, is minor in the case of the Oligocene granitoids and volcanics because these rocks are calc-alkaline, but without very highpotassium contents.
For comparison, Fig. 9 also depicts the outlines of the occurrences of the older Tertiary basalts from the eastern Serbian ESPEMAR province (Paleocene to Mid-Eocene alkaline mafic volcanics). Most of these older Tertiary basalts are 60-50 Ma old according to the analyses that are mostly based on K-Ar dating of phlogopite and whole rock dating (Cvetković et al. 2004a) . Note that this eastern Serbian ESPEMAR province is systematically located in a more internal position with respect to the DinaridesHellenides (Fig. 9) . The ESPEMAR province was interpreted to have formed during the final stages of subduction of the Vardar branch of Neotethys and initial collision with 'Europe' (Cvetković et al. 2004a, b) . The occurrences in eastern Serbia spatially coincide with another and still older magmatic province, referred to as Banatite Belt or Apuseni-Banat-Timok-Sredna Gora Belt. This is a 92-to 78-Ma-old belt of calc-alkaline magmatism related to the subduction of a remnant of the Vardar branch of the Neotethys Ocean beneath the European continental margin during the Late Cretaceous (e.g. von . Note that, in contrast to the Late Eocene to earliest Miocene belt located within the Dinaridic lower plate, both these older magmatic belts are in a more internal position, i.e. they are confined to the upper ('European') plate with respect to the Sava suture.
The observation that the Late Eocene to earliest Miocene alignment of granitoids and associated features crosses the Sava suture implies that the last remnants of the Distribution of Paleogene magmatism on the Balkan Peninsula, a compilation of literature data. For references to the numbers, see Table 5 . Geology modified after Schmid et al. (2008) and Marchev et al. (2005) for the Rhodopes Int J Earth Sci (Geol Rundsch) Vardar branch of the Neotethys Ocean must have closed by Mid-Eocene times or earlier, in accordance with what is known from the literature (e.g. Pamić et al. 2002b; Ustaszewski et al. 2009, in press ). Hence, it is clear that the Late Eocene to earliest Miocene magmatism is post-collisional with respect to the closure of the Vardar ocean. Since this magmatism is contemporaneous with the onset of extension in the Balkan area, various scenarios may be proposed. All of them fit with the petrological evidence including the positive eHf values:
(1) Post-collisional collapse of an overthickened orogen (e.g. Cvetković et al. 2004a) , (2) Back-arc magmatism in relation to a more externally located subduction zone, with or without slab break-off of the Adriatic plate (e.g. Pamić et al. 2002a; Kovács et al. 2007) , and/or, (3) Slab delamination (Bird 1979) caused by roll-back ) of the former lower plate after collision, associated with foreland migration of thrusting within the external Dinarides. We exclude scenario (1) in view of the fact that compression in the Dinarides did not come to a halt after collision across the Sava Zone. Instead, there appears to be a shift of the site of compression to the more external parts of the Dinarides (and Hellenides) during the Late Eocene (Figs. 9a, b) . The external Dinarides formed in Late Eocene to Neogene times (e.g. Skourlis and Doutsos 2003; Mikes et al. 2008; Korbar 2009 ), whereby much of the shortening (at least some 300 km in the area of Dubrovnik; see profile 5 of plate 3 in Schmid et al. 2008 ) took place by shortening within the Budva-Pindos pelagic realm of the Dinarides and Hellenides, respectively. Foreland migration of the site of compression is also well established for the Hellenides (e.g. van Hinsbergen et al. 2005) .
However, in contrast to Kovács et al. (2007) , we do not regard the Budva-Pindos zone as a site of subduction Korbar 2009 ). Therefore, we also regard scenario (2), namely the installation of a second and more externally located oceanic subduction zone, unlikely. Rather, we prefer scenario 3, namely slab delamination and rollback of the Adriatic plate, whereby the Budva-Pindos zone merely represents an intra-continental site of compression (marked green in Fig. 9 ) that absorbs plate convergence. Note that this scenario is also in accordance with the evidence provided by Prelević et al. (2005) regarding the contemporaneous ultrapotassic volcanics being derived from a metasomatized mantle with a crustal signature. We propose that after final closure of the Neotethys in the Eocene (Fig. 10a ) the lithospheric mantle of the NE-ward subducted Adriatic plate started to delaminate (Bird 1979 ) and retreat. The thereby induced mantle flow Piromallo et al. 2006 ) gave rise to mantle-dominated magmas with various amounts of crustal contamination. Although lacking delamination, a similar scenario has been described with respect to the opening of the Tyrrhenian basins (Faccenna et al. 2007) , where the rapidly retreating Calabrian slab is continuously disrupted. In the case of the Dinarides, the delamination model shown in Fig. 10b allows for (1) the generation of chemically variable magmas, (2) magma emplacement in the lower (Adriatic) plate, and (3) one single and continuously evolving subduction zone associated with one and the same (Adriatic) mantle slab.
Teleseismic tomography (Bijwaard and Spakman 2000; Piromallo and Morelli 2003) indeed monitored a throughgoing high velocity body in the southern Dinarides and northern Hellenides, i.e. from about Dubrovnik southwards. However, these authors documented a ca. 300 km long gap towards the north (cf. Ustaszewski et al. 2008 ). This suggests that in the Northern Dinarides the Adriatic slab did break-off, while the central and southern Dinarides, as well as the Hellenides, are presently still characterized by roll-back and mantle delamination.
Concerning the connection of the Dinaridic Late Eocene to earliest Miocene magmatic belt with the contemporaneous Periadriatic intrusions s.str. of the Alps and the magmatic belt paralleling the Mid-Hungarian fault zone (localities 1, 2 and 3 in Fig. 9 ), we emphasize that the subduction polarity in the Alps, including that within the Western Carpathians north of the Mid-Hungarian fault zone, merely representing the eastern prolongation of the Alps before Miocene lateral extrusion (Ratschbacher et al. 1991) , is opposite to that of the Dinarides during the time span considered . Hence, in spite of the temporal coincidence, there cannot be a direct link between the Alpine-Mid-Hungarian magmatic belt and the Dinaridic-Hellenidic magmatic belt of which our area of investigation is a part. What is common to both, i.e. typical for the entire Periadriatic belt s.l., is the short distance between the site of subduction and the location of the magmatic arc, as well as the post-collisional scenarios. These two features, amongst others, led to the slab breakoff model first proposed by von Blanckenburg and Davies (1995) for the Periadriatic intrusions of the Alps. Fig. 10 East-West profile sketches illustrating the migration of magmatism from the upper plate (Tisza-Dacia and Rhodopes) into the lower plate (present-day Dinarides due to delamination of the lower plate (Adriatic) lithospheric mantle, possibly associated with slab break-off. Present-day geometry is that provided by the mantle tomography (Piromallo and Morelli 2003) and a by a crustal transect Miocene magmatic activity in the Dinarides The Miocene Polumir intrusion (18 Ma) is part of a larger group of S-type granitoids in the Dinarides that includes a part of the Cer intrusive (albeit within an older I-type quartz monzonite; an age around 16 Ma (K-Ar) is reported for the S-type two-mica granite; Koroneos et al. 2010 ) and the twomica Bukulja intrusion (20-17 Ma are reported for the twomica granites; Cvetković et al. 2007b) . It is uncertain, however, if the somewhat older I-type Golija intrusion with high-K affinity also belongs to this same suite. Regarding the Polumir intrusions, Vukov and Milovanović (2002) provided geochemical evidence to demonstrate partial melting of continental crust they interpreted to have formed in an extensional environment. This interpretation is supported by our own structural investigations (Fig. 3) and the fission-track data discussed above, which indicate the onset of extension during the last stages of granite emplacement or shortly thereafter (Fig. 8) . Regarding the Cer and Bukulja intrusions (c.f. Fig. 9 ), Koroneos et al. (2010) and Cvetković et al. (2007b) proposed emplacement during the early stages of extension related to the formation of the Pannonian basin, the Bukulja intrusion being located in the footwall of a major core complex exhumed in early Miocene times (Marović et al. 2007 ). Hence, the location of these S-type granites at the southern margin of the Pannonian basin, their Early Miocene age, and their association with core complex formation all argue for them being located in the backarc area of the W-directed subduction of the European lithosphere beneath the Carpathians, widely invoked to explain extension and magmatism in the main part of the Pannonian basin (Csontos 1995; Seghedi et al. 2004 ). However, the locations of the Miocene S-type granitoids of the Inner Dinarides also come to lie into within the Late Eocene to earliest Miocene ([22 Ma) belt of predominantly I-type granitoids. This together with the fact that the Cer two-mica granite intrudes an older I-type quartz monzonite suggests that these S-type intrusions located at or close to the southern rim of the Pannonian basin may partly also have to do with them being located in the backarc area of the NE-directed subduction of the Adria plate. Hence, it is not clear yet as to what extent this Miocene magmatic activity in the inner Dinarides might also interfere with ongoing extension in the DinaridicHellenic back-arc during the Miocene.
Conclusions
(1) U-Pb (ID-TIMS) dating on single zircons from different intrusions in southern Serbia revealed two age groups, an Oligocene (31. U are not stable at all temperature conditions. There is a temperature range, the partial annealing zone (PAZ), at which the tracks in the mineral lattice become annealed. As a result of the annealing process, these tracks shorten and eventually disappear completely. The effective closure of the system lies within this PAZ and is dependent on the overall cooling rates and the kinetic properties of the minerals. The specific PAZ for apatite lies between 120 and 60°C (Green and Duddy 1989; Corrigan 1983) . The PAZ for zircon is not equally well defined and a wide range of temperature bounds has been published. Yamada et al. (1995) suggest temperature ranges of ca. 390-170°C, whereas Tagami and Dimitru (1996) and Tagami et al. (1998) report ca. 310-230°C. Recently, in his overview on the zircon fissiontrack dating method, Tagami (2005) reported temperature ranges for the zircon closure temperature of ca. 300-200°C. Accordingly, we use a value of 250 ± 50°C for the closure temperature and a zircon PAZ of 300-200°C.
Apatite fission-track thermal modelling Fission tracks in apatite form continuously through time with an approximately uniform initial mean length of *16.3 lm (Gleadow et al. 1986 ). Upon heating, tracks gradually anneal and shorten to a length that is a function of the time and maximum temperature to which the apatites were exposed. For example, tracks are completely annealed at a temperature of 110-120°C for a period of 10 5 -10 6 years (Gleadow and Duddy 1981) . These annealing characteristics allow the generation of time-temperature paths by inverse modelling (e.g. Gallagher et al. 1998; Ketcham et al. 2003) . As the resolution of the AFT thermo-chronometer is limited to the temperature range of 120-60°C (Laslett et al. 1987) , the paths of the t-T envelope defined for the zones outside of this range are not necessarily representative for the real thermal evolution of a sample. Modelling of the apatite age and track-length distribution data was carried out with the program HeFTy (Ketcham et al. 2003) . Fission-track age, track-length distribution, and etch pits diameters (Dpar) as well as userdefined time-temperature (t-T) boxes are used as input parameters. An inverse Monte Carlo algorithm with a multikinetic annealing model (Ketcham et al. 2007 ) was used to generate the time-temperature paths. The algorithm generates a large number of time-temperature paths, which are tested with respect to the input data. The t-T paths are forced to pass through the time-temperature boxes (constraints). The fitting of the measured input data and modelled output data are statistically evaluated and characterized by the value of 'goodness of fit' (GOF). A 'good' result corresponds to values [0.5, whereas a value of 0.05 or higher is considered to reflect an 'acceptable' fit between modelled and measured data.
It is important to remember that the 'best' thermal history obtained during this process is not necessarily the only possible one. Other thermal histories may match the observed data similarly well, and it is therefore imperative to consider as many other geological constraints as possible to determine the most likely path.
